The Electromagnetic Stirring (EMS) technology has wide applications in the metal continuous casting. Stirring consists of exciting variable magnetic field in metal liquid, the magnetic field generates induction current. The induction current in the metal flow interacts with magnetic filed to generate EM force, which makes perfect motion to improve casting. The EM force strength is proportional with square of the magnetic field strength. The key of the optimized control of EMS is to adjust several parameters for best EM force and deep magnetic penetration. In this paper, we present a new AGILD EMS modeling. We use Maxwell magnetic field differential equation to replace the reduced magnetic field equation. We present new volume magnetic differential integral equation and new boundary strip magnetic field differential integral equation which are proposed by XIe and Li in GLGEO. According to the new AGILD EM modeling in [1], we developed 3D AGILD EMS modeling. Our AGILD EMS modeling does not need any complex boundary condition. The matrix equations are decomposed by GILD parallel processes. Therefore, our AGILD EMS modeling is fast and accurate without any boundary error. Our AGILD EMS modeling can simulate multiple strands and EMSs together. The simulation shows that the AGILD EMS modeling is very powerful tool for the design of excellent EMS system in Billent/Bloom and metal continuous casting system. The simulation is performed by using GLGEO's new GL [2] [3] [4] and AGILD EMS modeling software.
Introduction
The EMS is an established technology and installed in Billet, Bloom and metal casters. The stirring consists of exciting variable magnetic field which is penetrating in the steel, iron, and metal liquid. The magnetic field generates induction electric current in the metal liquid. The induction current in the metal liquid interacts with the magnetic field to generate EM force which drives the metal liquid flow motion such that the casting is perfectly performing. The casting quality is improved by reduced segregation and porosity through transformation to an equiaxed solidification structure. The steel and iron productions are increasing due to the increased casting speeds. The temperature and carbon component are key factors for high quality steel. The magnetic field penetrating distribution depends on the material properties and high temperature. Moreover, the electromagnetic properties depend on the temperature. The temperature difference between outer and insider of the caster mold is very large. We consider the magnetic conductivity be space variable. The reduced magnetic field equation is no longer to govern this case.
In this paper, we use the magnetic field Maxwell equation to replace the reduced magnetic equation. Moreover, we present a new strip magnetic field differential integral equation which is proposed by Xie and Li in [1] . We use the new strip integral equation on the double layered boundary and the magnetic field Garlekin equation in the internal domain to construct the AGILD EMS modeling for the metal continuous casting. It has more advantages over FEM and FD modeling. The AGILD and GL EMS modeling, GL and AGILD nondestructive testing, GL and AGILD heating modeling, and GL and AGILD heavier viscosity flow modeling for the continuous casting are developed by Xie and Li in GLGEO.
Many EM research works on motor need the condition that the magnetic resistivity monotone increasedly depends on the magnetic induction. It is very strong and unpractical condition. In practice, magnetic resistivity is not monotone increasing but has a minimum point at B = B 0 . Our nonlinear FEM EM modeling [10] [11] [12] are available for the above practical condition, i.e. the magnetic resistivity is not monotone increasing. We prove that if H(B) monotone increasedly depends on B, the nonlinear FEM is convergent. Because H(B) = υ(B)B, so, we only need that υ(B)B monotone increasedly depends on the B, which is widely generalized. Moreover, the H(B)'s monotone property is the practical physical property. Our nonlinear FEM magnetic DC modeling is briefly described in this paper.
The organization of the paper is as follows. We present the new strip differential integral equation in the section 2 which is proposed in [1] . The double layered collocation FEM equation for the magnetic field is presented in the section 3. The Garlekin FEM equation is described in the section 4. In section 5, we describe the advanced GILD EMS EM modeling. The DC EMS FEM modeling is described in the section 6. The nondestructive test is described in the section 7. We describe the simulations and discussion in section 8. Finally, we described conclusion in the section 9.
The New Magnetic Field Differential Integral Equations

The Magnetic Field Differential Equation
The MAXWELL equations are as follows
The equations (1) can be reduced to the following magnetic field differential equation
where E(r) is the electric field, H(r) is the magnetic field. σ is the electric conductivity, ε is the dielectric parameter, µ is the magnetic permeability. ω is the angle frequency, i is the complex unit
In some EMS literature, the following reduced equation is employed
This equation was reduced from (2) by supposing that µ and σ are constants and in low frequency case. Because the conductivity and permeability of steel depend on the space variable in continuous casting. Therefore, it is better to use equation (2) for the continuous casting.
The New Volume Differential Integral Equation for the Magnetic Field
In 1995, Xie and Li proposed a new volume differential integral equation for the magnetic field [6] .
where H b (r) is the incident magnetic field in the background media. σ b is the background electric conductivity, ε b is the background dielectric parameter, E M b (r ′ , r) is the electric field Green function which is excited by the magnetic source in the point r. The differential integral equation (3) can be used for the EMS modeling and inversion. The equation (3) has a similar formula in the cylindrical polar coordinate system.
The New Boundary Strip Differential Integral Equation for the Magnetic Field
In this paper, we present the new boundary strip differential integral equation for the magnetic field which is proposed by Xie and Li in GLGEO [1] .
where Ω s is a strip domain located between the double boundary layers ∂Ω 0 ∪ ∂Ω i and with (σ − σ b ) + iω (ε − ε b ) = 0, ∂Ω 0 is the external boundary of the strip domain Ω s , ∂Ω i is the internal boundary of the strip domain Ω s , H (r) is the unknown magnetic field, H bo (r) is incident magnetic field, G M b (r ′ , r) is the magnetic Green function excited by a magnetic dipole source at point r, ∇ r ′ is curl operator with respect to r ′ .
The Double Layered Collocation FEM Equation for the Magnetic Field
We present the double layered collocation FEM equation for the magnetic field which is proposed by Xie and Li in GLGEO [1] . That is suitable for the EMS strip domain.
H h (r i ) is the finite approximation of H (r), The equation (5) is the double layered collocation FEM equation of the (4). Its matrix equation is
where H 
Finite Element Equation in the Internal Domain
In the internal domain D which is inside of ∂Ω i , we use Galerkin FEM method [10] [11] [12] and the cubic element to discrete the MAXWELL magnetic field differential equation (2) The Galerkin finite element equation [10] [11] [12] is as follows:
where Ω h D is the finite element domain of the internal domain D, ∂Ω h i is finite element set of the ∂Ω i , the φ i is the finite element base function, the e is unit vector. The equation (7) has the matrix equation form,
The AGILD Modeling for EMS Stirring
The AGILD EM Modeling
The collocation finite element matrix equation (6) and the Galerkin finite element matrix equation (8) are coupled to construct the advanced GILD EM modeling for the EMS in continuous casting. The AGILD EM modeling algorithm from the internal domain to the double layered boundary is performed, in parallel.
Advantages of the AGILD EMS modeling
(1). Because the EM field is spreading in all space around the EMS and caster equipments, in particular, the low frequency EM field is diffusion, the exact and no reflection boundary conditions are necessary. In the AGILD EMS modeling, we use the new strip magnetic differential integral equation as the exact boundary condition that will reduce the boundary error.
(2). In general, there are two or three EMSs on the one strand and there are 5 or 10 strand casters in same plant and workshop. These EMSs casters are influenced each other. Our AGILD EMS modeling can calculate the magnetic field for multiple EMS and casters together.
(3). The matrix equation is decomposed parallel by using parallel GILD processes [6] [7].
Nonlinear DC Magnetic Field AGILD Modeling
In the previous 2-5 sections, we described AGILD EMS modeling for AC magnetic field. When DC is used for EMS system, we call it EM brake system. In this section, we describe the nonlinear DC magnetic field AGILD modeling.
Nonlinear DC Magnetic Potential Equation
when r → ∞, the potential A(r) → 0, interface conditions are satisfied.
The magnetic induction |B| = ∂A ∂r +
A r 2 + ∂A ∂z 2 .
The Properties of ν (B)
Many literatures supposed that the magnetic resistivity ν (B) is monotone increasing. In practice, the ν (B) is not monotone increasing, but it has a minimum at B = B 0 . We consider the practical and generalized conditions. 
The Garlekin equation is
The nonlinear DC magnetic field FEM equation is
AGILD Modeling for DC Magnetic Field
A new discrete strip boundary differential integral equation is coupled with (12) to build the AGILD modeling for the DC magnetic field. Under the conditions (6.2.1)∼(6.2.2), we proved that the magnetic field by AGILD modeling is convergent to the exact magnetic field.
Nondestructive Testing Using Magnetic Field
EMS is very benefit for the steel, iron, and metal continuous casting. The nondestructive testing using the magnetic leakage is the tool for evaluating the quality of casting.
Based on the new first type strip differential integral equation and parameter Garlekin equation, the new AGILD and GL inversion in [1] and stochastic GILD inversion [5, 8] can be jointly used for the nondestructive testing of the metal using the magnetic field leakage.
Simulations and Discussion
The magnetic field in the practical MEMS equipment are simulated by using AGILD and GL EMS modeling software in GLGEO [1] [2] [3] [4] . Xie and Li have been using the convex functional frame to study EM filed in the EMS and motor, studying the motion of metal liquid flow with strong viscosity and EM forces, and its free surface front with minimum area in paper [11] . Their convergence have been obtained in [11] [12] . New GL and AGILD heating modeling and inversion software, GL and AGILD EMS modeling and inversion, SGL and SAGILD nondestructive test software using the magnetic leakage, and GL and AGILD software for heavier viscosity flow motion have been developed by Xie and Li in GLGEO.
In the new GL algorithm by Xie and Li in GLGEO, no any large matrix need to solve. Moreover, the artificial boundary and absorption condition are removed. The simulation result using AGILD EMS modeling will be reported in Journal paper. Xie and Li in GLGEO will develop GL and AGILD EMS inversion that will be useful for optimization performance and design of the continuous casting. The new AGILD EMS EM modeling will be patented by G. Xie and Jianhua Li in GLGEO.
Conclusion
We validate the AGILD EMS modeling by several simulation tests in frequency range 1∼12 Hz. The simulation results show that the AGILD EMS is fast and accurate and available for any EMS system in any casters with any geometry and any parameters. The AGILD and GL EMS modeling can jointly calculate EM field in multiple strands EMSs configuration.
